Since 1990 there has been an ongoing collaboration among the authors to investigate the role of individual elements on the thermodynamics and kinetics of hydriding/dehydriding reactions. This review article presents the electrochemical and physicochemical characteristics of hydridingdehydriding reactions from the point of view of their dependence on electronic, geometric and surface properties of the hydride materials. X-ray absorption spectroscopy ( U S ) , x-ray diffraction spectroscopy (XRD) and scanning vibrating electrode technique (SVET) studies were carried on AB, type alloys, partially substituted by other elements. Expansion of the unit cell volume and a larger Ni d band vacancy are beneficial for increasing the amount of the hydrogen storage. X A S and SVET showed that the Ce substitution for La in an AB, alloy enhances the lifetime of hydride electrode.
(XRD) and scanning vibrating electrode technique (SVET) studies were carried on AB, type alloys, partially substituted by other elements. Expansion of the unit cell volume and a larger Ni d band vacancy are beneficial for increasing the amount of the hydrogen storage. X A S and SVET showed that the Ce substitution for La in an AB, alloy enhances the lifetime of hydride electrode.
Alloys for Hydride Electrodes in NickeVMetal Hydride Batteries
Eflect of Method of Preparation of Alloys on Performance of Hydride Electrodes. -The AB5 type alloys were prepared by (i) arc-melting of the constituent elements, 99.99% purity, in a MRC model AF-92C arc furnace which provides a low pressure, inert gas atmosphere to minimize contamination, followed by annealing in an argon atmosphere at 800" C for three days. Elements of the desired compositions were melted two to four times and held in the liquid state for 20 -30 seconds to ensure complete mixing and formation of a homogeneous alloy; (ii) mechanical alloying (ball-milling) for four hours using a SPEX 8000 mixedmill, which was carried out in a tungsten carbon vial in an argon glovebox containing less than 1 ppm oxygen, followed by annealing in an open fused silica tube at 800" C for 30 minutes.
The electrochemical characterization studies consisted of measurements of: (i) initial capacity; and (ii) rate capability.
All electrodes were prepared with teflonized carbon ). An alloy, prepared by mechanical alloyinghnealing, has a slightly lower electrochemical hydriding capacity, compared with an alloy of with the same composition prepared by arcmelting/annealing, as illustrated in Fig. 1 . The P-C-T 0-7803-2994-5/96/$4.00 0 1996 IEEE isotherm of the samples confirms the same behavior for gas phase hydriding. The probable reason for this result is the incomplete alloying of samples prepared by mechanical alloying. However, the rate capability of the hydride electrode prepared using the sample prepared by mechanical alloying/annealing was higher than that of the sample prepared by conventional arc-melting, Fig. 2 . 
Correlations Between Gas Phase and Eiectrochemical
HydridingIDehydriding Characteristics. -The gas phase hydrogen absorptioddesorption characteristics of metallic hydrides are typically described by the pressurecomposition-temperature (P-C-T) isotherms (1); a schematic representation of this isotherm is shown in Fig. 3 . Extent of hydrogen absorption depends on the equilibrium pressure. At relatively low pressures, the absorbed hydrogen atoms begin to occupy the interstitial sites in the metal lattice and the isotherm ascends steeply as hydrogen dissolves in the metal, forming a solid solution, designated as the rx phase. Region A-B signifies the limited solution of hydrogen in the metal alloy. The region B-C represents the appearance of a second phase which is in equilibrium with the saturated solid-solution (i.e., the a phase). The second phase is usually referred to as the p phase. This is the phase which contains the large amount of hydrogen absorbed in the alloy. Thus, according to Gibbs' phase rule, the pressure must be constant -the plateau pressure, in the two phase region (a and 0). After all the hydride material is converted into the phase (region C-D), hrther absorption of hydrogen is very difficult. Thus, the equilibrium pressure increases sharply with amount of absorbed hydrogen.
The equilibrium potential of the hydride electrode in 6M KOH solution at T=298 ?IC can be obtained from the fiee energy change of the hydriding reaction and is given by the following equation (2):
where pH2 is the equilibrium hydrogen pressure, F is the faraday constant and E, is the potential vs. the reversible hydrogen electrode (RHE). Equation (1) correlates the equilibrium pressure of the hydridingidehydriding reaction in the gas phase with the electrochemical equilibrium potential of the redox couple. Furthermore, since equation (1) applies to the equilibrium plateau pressure region (B-C section in Fig. 3 ), the potential of the metal hydride electrode is approximately constant during the charge and discharge processes; the potential changes only by about 29 m V for an order of magnitude change of the equilibrium hydrogen pressure.
The equilibrium pressure of hydrogen is one of the important factors which influences the behavior of the metal hydride batteries. Capacity retention is defined as the percentage of the capacity remaining after the storage period with respect to the initial capacity. For a hydride alloy with the lower plateau pressure, the capacity retention is usually higher and vice versa. This is because lower the equilibrium pressure, the higher is the stability of the hydride state; the capacity retention of the hydride electrodes with alloys having different plateau pressures, is shown in Fig. 4 .
On the other hand, the plateau pressure of the hydride material cannot be very high (3), because the charge efficiency of metal hydride battery will be lower, leading to hydrogen evoiution and a lower capacity of the battery.
Hydrogen absorption pressure-composition isotherms for some intermetallic compounds are presented in Fig. 5 . Sn and CO substitution are effective for lowering the hydrogen plateau pressure, whereas the reverse effect is observed with Ce substitution. Sn substitution lowers the plateau pressure with a slight decrease of the overall hydrogen storage capacity. Ce and CO substitution, in the addition to affecting the plateau pressure, decreases hydrogen storage capacity. BNL23 which contains only Ce and CO substituents and no Sn has a relative higher plateau pressure. The electrochemical performance characteristics of these hydride electrodes (electrochemical capacity is usually below 1 atm, which could be attained by partial substitution of elements in the AB5 alloys. By substituting with Sn, the plateau is decreased and the electrochemical capacity increased. However, a careful optimization of the amounts of the individual substituents is necessary to retain high hydriding capacities and good cycle life.
Effect of Electronic Properties on Electrochemical HydridingAlehydriding Characteristics
X-Ray Absorption Studies. -X-ray absorption spectroscopy (XAS) has the ability to probe in-situ, both electronic (from X-ray absorption near edge structure, XANES) and geometric parameters (from the extended Xray absorption fine structure, EXAFS) of the alloys. Figure  7 shows normalized Ni K edge XANES spectra for the three dry uncycled electrodes. The edge is shifted by about 1.5 eV below that found for a Ni foil. Substitutions by Ce and Sn decrease the peak at 0.0 eV. Absorption at the K edge is due to the excitation of Is electrons. Because of the selection rules only transitions into empty 4p states are allowed. In systems with cubic or octahedral symmetry, weak quadruple transitions are observed as small pre-edge peaks in the XANES spectra (4). Due to the hexagonal symmetry of the alloys, there is mixing of p and d states and, as a result, transitions into the empty p part of these mixed p-d states occur. Theoretical calculations of the density of states (DOS) by Gupta ( 5 ) have shown that the Fermi level of LaNi, falls rapidly, decreasing the extent of Ni d bands which are not fully filled. Thus the intensity of the peak at 0.0 eV can be taken as an indirect measure of the number of empty Ni d states. The reduction in the intensity of this peak on the addition of Sn and Ce is due to either a partial filling of the Ni d states, a reduction in symmetry by lattice distortion, or both. substitution increases the unit cell volume, which accounts for the lower plateau pressure (see next section), the decrease in hydrogen storage capacity Although Sn is due to the electronic effects, which is similar to the loss in hydrogen capacity in LaNi5-$l,, proposed by Gscheidner, et. al. (6), in which the partial filling of the alloy's 3-d band is due to electron donation by Al. This filling decreases the number of holes that can be occupied by the electrons from the hydrogen.
Effect of Geometric Properties on Electrochemical H y d~d i n~~h y d~d~g Characteristics
X-Ray Difiaction Studies. - Table I shows the results of X-ray diffraction analysis for the alloys. All the alloys are single phase and have the hexagonal CaCu, type structure, typical of the AB5 type alloys. As indicated by the lattice parameters in Table I due to substitution is also reflected in the reduced molar volume of hydrogen (VH). The electrochemical capacity of the metal hydride electrodes are also given in Table I .
Effect of Surface Properties on Electrochemical H y d r i d i n~e h y d~d i n g Characteristics
While certain AB, alloys are attractive for replacements of cadmium electrodes in nickel-cadmium batteries, the parent alloy, LaNi,, is not suitable because its performance decays rapidly in the battery environment. Corrosion has been, in general, attributed to the degradation mechanism of a hydride electrode. Iwakura et al. (7) demonstrated the formation of the corrosion product, La(OH),, during a two-day storage period of a LaNi,Cu anode by comparing the x-ray diffraction patterns recorded before and after the storage.
It is necessary to experimentally detect the formation of corrosion products after electrochemical charge/discharge cycles and also to determine the effect of substitution on the corrosion behavior of modified AB, alloys (B=Ni3.55Coo 75MnO .,AI,,). This section reports on (i) the formation corrosion products after 100 electrochemical chargeldischarge cycles, as detected by XAS; (ii) a detailed investigation of the local corrosion processes by examining the surfaces of several ABS metal hydride electrodes using the scanning vibrating electrode technique (SVET) (8). Fig. 8 shows the normalized Ni K edge XANES spectra for LaB, before and after electrochemical cycling (100 times) and for a dry P-Ni(OH), electrode. Appearance of a white line for the cycled L a s electrode clearly indicates corrosion of the Ni surface and formation of the corrosion product, Ni(OH),.
X-Ray Absorption Studies (X4NES results).-
Comparison of the area under this peak with that for the p-Ni(OHX was used to estimate the degree of corrosion. It indicates that 18% of the Ni has corroded. Fig. 9 compares the white lines for LaB5 , Lq&e,.,B, and MmB, after 100 cycles with that for a dry B-Ni(OH), electrode. As evident from this figure, the addition of Ce, significantly lowers the I Ni corrosion to 8% after 100 cycles. The lack of the white line, in the case of MmB5 alloy, indicates that there was almost no corrosion of the MmB5 prepared from the commercially available Mm electrodes. contact with an electrolyte. From the surface studies, it is possible to elucidate the mechanism of chemical and electrochemical oxidation of the alloy causing the deterioration of hydriding alloys and the effect of rare earth substitution in the A component of an AB, type alloy on the degradation rate of a hydride electrode and on its corrosion rate. For this purpose, one-dimensional vibrating probe, which consists of an insulated platinum wire with only its tip exposed to the solution, is caused to vibrate perpendicular to the flat electrode surface at a certain frequency (200 Hz). The probe measures the potential gradient in the solution at a certain height over and very close to the electrode surface. This potential gradient results from the current flow due to localized anodic and cathodic sites for electrochemical corrosion. The measured electric field, which is converted to the current density using Ohm's law, normal to the surface, gives the current density distribution map across the surface.
The SVET scans on a prototype unsubstituted sample, LaB,, (Fig. lo) , serves as a reference. The observed current densities are large with several localized anodic regions (positive current) and cathodic regions (negative current).
The steady state current density distribution was usually reached afier 6 hours immersion. For the samples with La partially substituted by 20% of Ce, i.e., La, &e, *B,, the normal anodic current density decreased to less than 20 pA/cm2, comparing with 80 pA/cm2 for the LaB5 alloy. In addition, the number of corrosion sites significantly decreased (Fig. 1 1) . With increasing amount of Ce, as for the sample of L~,,,Ceo,3sBS, even smaller anodic and cathodic currents were recorded. These facts are consistent with the view that the cerium inhibits electrode corrosion. AI1 these results strongly suggest that the decreased corrosion current for the Ce containing alloys is due to the formation of a passivating film, probably CeOz on the electrode surface; this finding is consistent with the previous XAS studies.
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Conclusion
The following conclusions can be derived from review paper:
Alloys, prepared by arc-melting/annealing, have higher specific capacities than alloys prepared by mechanical alloying/annealing. The opposite behavior was observed for rate capabilities. Substituents, leading to an expansion of the unit cell, are beneficial in lowering the hydrogen absorption/desorption plateau pressures to values below 1 atm, which is essential to achieve high electrochemical capacities. The XANES results at the Ni K edge indicates that the alloying process results in hybridization of the 4p and 3d orbital of Ni. The addition of Sn and Ce decreases the number of Ni d band vacancies. This could account for both the decreased hydrogen content and the reduced plateau pressure. The XRD analysis result shows the effect of substitution of Ni by Sn causes an increase in the lattice parameters primarily along the c axis. This manifests itself in a corresponding increase in the unit cell volume. Substitution of La by Ce, however, causes a minor contraction in the cell volume. s Correlation of the electrochemical and XAS results show that capacity loss is directly related to the extent of Ni corrosion. The reduced corrosion current in the Ce containing electrode, as measured using SVET technique, is consistent with XAS results, which showed that the presence of Ce in a homologous series of ABS alloys has a beneficial effect on electrode lifetime. 
